Objective-A large number of genetic loci have been associated with risk of coronary artery disease (CAD) through genomewide association studies, however, for most loci the underlying biological mechanism is unknown. Determining the molecular pathways and cellular processes affected by these loci will provide new insights into CAD pathophysiology and may lead to new therapies. The CAD-associated variants at 10p11.23 fall in JCAD, which encodes an endothelial junction protein, however, its molecular function in endothelial cells is not known. In this study, we characterize the molecular role of JCAD (junctional cadherin 5 associated) in endothelial cells. Approach and Results-We show that JCAD knockdown in endothelial cells affects key phenotypes related to atherosclerosis including proliferation, migration, apoptosis, tube formation, and monocyte binding. We demonstrate that JCAD interacts with LATS2 (large tumor suppressor kinase 2) and negatively regulates Hippo signaling leading to increased activity of YAP (yes-associated protein), the transcriptional effector of the pathway. We also show by double siRNA knockdown that the phenotypes caused by JCAD knockdown require LATS2 and that JCAD is involved in transmission of RhoAmediated signals into the Hippo pathway. In human tissues, we find that the CAD-associated lead variant, rs2487928, is associated with expression of JCAD in arteries, including atherosclerotic arteries. Gene co-expression analyses across disease-relevant tissues corroborate our phenotypic findings and support the link between JCAD and Hippo signaling. Conclusions-Our results show that JCAD negatively regulates Hippo signaling in endothelial cells and we suggest that JCAD contributes to atherosclerosis by mediating YAP activity and contributing to endothelial dysfunction. Visual Overview-An online visual overview is available for this article.
C oronary artery disease (CAD), caused by the development of atherosclerotic plaques in the artery wall, is the leading cause of death in the world. 1 Plaques, which tend to localize to sites of disturbed blood flow such as bifurcations and curvature, form as a result of chronic exposure of the arterial endothelium to cardiovascular risk factors and proinflammatory factors. 2 The resulting endothelial dysfunction results in expression of adhesion molecules inducing recruitment of inflammatory cells to the site of injury alongside an increase in endothelial permeability and accumulation in lipids in the intima. Subsequently, monocytes migrate into the vessel wall where they differentiate into macrophages, ingest lipids, and become foam cells. 2, 3 Advanced atherosclerotic plaques consist of a central core containing lipid-laden cells and extracellular deposits released from dead cells, covered by a fibrous cap consisting primarily of smooth muscle cells and connective tissue. Rupture or erosion of the fibrous cap causes thrombus formation and occlusion of the coronary arteries resulting in myocardial infarction. 2 Several individual characteristics and lifestyle factors including hypertension, elevated LDL (low-density lipoprotein) cholesterol, diabetes mellitus, and smoking contribute to risk of CAD. There is also a strong genetic determination 4 and in the last decade an increasing number of chromosomal loci have been associated with CAD through genome-wide association studies. 5-9a The elucidation of underlying biological mechanisms will provide a better understanding of CAD and has the potential to lead to the development of novel therapeutics directed against processes not targeted by current treatments.
In this context, the CAD genome-wide associated variants at the 10p11.23 locus lie within JCAD (junctional cadherin 5 associated) gene, previously known as KIAA1462 and junctional protein associated with CAD, which encodes a protein which localizes to endothelial cell (EC) junctions 10 and regulates angiogenesis, 11 however, the molecular role of JCAD in ECs has not been examined. Two independent proteomic studies have previously identified JCAD as an interactor of members of the human Hippo signaling pathway 12, 13 and during the preparation of this article, Ye et al 14 reported that JCAD acts as an inhibitor of a core Hippo signaling protein in liver cancer. The Hippo pathway promotes cell death and differentiation and inhibits cell proliferation 15 in response to various signals including cell contact, mechanotransduction signals, and GPCR (G-protein-coupled receptor)-mediated signaling. 16 A kinase cascade controls the nuclear localization of 2 homologous transcriptional coactivators of the pathway; YAP (yesassociated protein) and TAZ (transcriptional coactivator with PDZ-binding motif). 17 When the Hippo pathway is activated, MST1 and 2 (mammalian STE20-like protein kinase 1 and 2) phosphorylate LATS1 and 2 (large tumor suppressor 1 and 2), which in turn phosphorylate YAP/TAZ resulting in them being bound by 14-3-3 proteins, excluded from the nucleus and subsequently degraded. 15, 17 Therefore, when the Hippo pathway is inactive, YAP/TAZ enter the nucleus and bind to the TEAD 1-4 (TEA domain transcription factor 1-4) transcription factors, promoting expression of downstream genes.
YAP/TAZ are key regulators of EC function and are essential for angiogenesis and vascular homeostasis. 18, 19 Notably, 2 recent studies have produced compelling evidence that YAP/ TAZ activity is a critical mediator of endothelial dysfunction and atherogenesis at sites of disturbed blood flow and in response to inflammatory cytokines. 19, 20 Unidirectional blood flow, which is important for normal vascular function and is atheroprotective, was shown to signal through integrin-β3 and inhibit the small GTPase RhoA, suppressing YAP/TAZ activity. Atherogenic disturbed flow-induced YAP/TAZ activity and mediated a proinflammatory response, promoting endothelial adhesion molecule expression and monocyte adhesion. 20, 21 In Apoe −/− mice, inhibition of YAP by injection of morpholino oligonucleotides 20 or EC-specific CRISPR/ Cas YAP knockdown 21 reduced plaque size in partial carotid ligation disturbed flow models. EC-specific YAP overexpression increased atherosclerosis. 21 Interestingly, YAP/TAZ, via RhoA, have been identified as mediators of the atheroprotective and anti-inflammatory effects of statins. 22, 23 Statin treatment of ECs caused inhibition of YAP/TAZ activity and blocked EC atherosclerotic phenotypes, suggesting that Hippo signaling and YAP/TAZ might be viable targets for new therapeutics. 20, 21 Here, we present our investigation of JCAD and its function in ECs. We demonstrate that JCAD is required for normal EC function, interacts with LATS2, and promotes YAP/TAZ activity by acting as a negative regulator of Hippo signaling in ECs. We show that JCAD is required for regulation of Hippo signaling by RhoA and that the phenotypic effects of JCAD require LATS2. We use translational network analysis of gene expression in disease-relevant human tissues to corroborate our findings.
Materials and Methods
All data that support the findings of this study are either available within the article, the supplemental material or are available from the corresponding author on reasonable request.
Cell Culture, siRNA, and Drug Treatments
Human umbilical vein ECs (HUVECs) were obtained from Promocell. Three independent lines were used for all experiments. HUVECs were cultured in EC Growth Medium MV (Promocell). To knockdown JCAD, 2 unique siRNAs (Qiagen, SI04210136, SI04344704) were reverse transfected into the cells using RNAiMAX transfection reagent (Life Technologies, 10514953), LATS2 knockdown was achieved using a Dharmacon Smart pool of 4 siRNAs (GE Life Sciences, L-003865-00-0005). Human aortic ECs were cultured in EGM-2 media (endothelial cell growth medium-2; Lonza, CC-3156) and JCAD knockdown achieved with a Dharmacon Smart pool of 4 siRNAs (GE Life Sciences, L-026476-02-0005), also transfected using RNAiMAX.Thp-1s were cultured in RPMI (Corning, 10-040-CVR) supplemented with 10% FBS. HEK293A cells were cultured in DMEM with 10% FBS. Drug treatments were performed in full endothelial media, for 1-hour treatment time, TRAP6 (thrombin receptor activator peptide 6; Sigma-Aldrich, T1573) was used at 1 µmol/L and Y-27632 (Stemcell Technologies, 72304) at 10 µmol/L. (Biolegend, 640906) and measured with a Cyan ADP Flow Cytometer (Beckman Coulter, no catalog number) using standard methods. Cell migration was measured using a wound healing assay. Cells were grown in a 24-well plate until confluent, then a scratch created across the whole well using a pipette tip. A Nikon Eclipse Ti microscope equipped with an LED light source for epifluorescence and a Nikon Perfect Focus System at the Advanced Imaging Facility of the University of Leicester was used to record images every hour. The microscope has an environmental chamber with temperature control and CO 2 supply. An Andor iXonEM+ EMCCD DU 885 camera is attached to the microscope for image collection using NIS-Elements software (Nikon Instruments Europe). Tube formation was performed in Ibidi angiogenesis slides. Matrigel (Corning, 354277) was plated into the well, allowed to polymerize for 1 hour, then 10 4 cells were added to each well. After 6 hours, images were taken of each well at ×4 magnification using an EVOS Fluorescent Microscope (Fisher Scientific) or Nikon Eclipse TE2000-U. The FIJI distribution of ImageJ 24 with the plugin Angiogenesis Analyzer was used to measure the total tubule length in each image.
JCAD-GFP Cloning, Expression, and Immunoprecipitation
The full-length open reading frame of JCAD in the pF1K vector was obtained from Promega. The full open reading frame was PCR (polymerase chain reaction) amplified from this, and subcloned into the pLEICS-29 vector by the Protein Expression Laboratory at the University of Leicester. JCAD-GFP (green fluorescent protein) or empty pLEICS-29 expressing GFP alone were transfected into HUVECs using Lipofectamine-LTX transfection reagent (Life Technologies, A12621). Cells were then trypsinized, lysed in protein lysis buffer (10 mmol/L Tris-HCl pH 7.5, 150 mmol/L NaCl, 0.5 mmol/L EDTA, and 0.5% NP-40) with Roche cOmplete protease inhibitor cocktail (Sigma-Aldrich, 4693159001) and Roche PhosSTOP phosphatase inhibitors (Sigma-Aldrich, 4906845001). Immunoprecipitation was performed using GFP-Trap A beads (Chromotek, gta-10) according to the manufacturer's instructions.
Western Blotting
Cells were lysed in protein lysis buffer (10 mmol/L Tris-HCl pH 7.5, 150 mmol/L NaCl, 0.5 mmol/L EDTA, and 0.5% NP-40). Western blotting was performed using the NuPAGE electrophoresis system (Life Technologies, NP0335BOX) according to standard procedures. Primary antibodies used were anti-LATS2 at 1 µg/mL (NEB), antiphospho-YAP at 1 µg/mL (NEB, 13008S), anti-YAP at 1 µg/mL (NEB, 4912S), and anti-β-actin at 0.56 µg/mL (abcam, ab2676). Secondary anti-mouse IgG (NEB, 7076S) and anti-rabbit IgG (NEB, 7074S) were used at 0.067 µg/mL.
Immunofluorescence and Microscopy
Cells were grown on Ibidi µ-slide chamber slides until the right level of confluence was obtained. Cells were then fixed with 4% paraformaldehyde, permeabilized with Triton-X-100, then stained according to standard procedures. Anti-YAP was used at 10 µg/mL (NEB, 4912S). Anti-JCAD was used at 4 µg/mL (Sigma-Aldrich, HPA017956). Images were obtained using an inverted Leica TCS SP5 confocal microscope with an ×63 oil immersion objective at the Advanced Imaging Facility of the University of Leicester.
Gene Expression Analysis
RNA was extracted from cells using an RNeasy miniprep kit (SigmaAldrich, 74104), reverse transcribed with Superscript III (Fisher Scientific, 18080093), and qPCR performed using Sensimix (Bioline, QT650-05) on a Rotorgene Q qPCR machine (Qiagen, 9001550).
Monocyte Adhesion Assay
THP-1 monocytes were cultured in RPMI-1640 medium supplemented with 10% FBS and 1% penicillin-streptomycin. Cells were pelleted, resuspended to a concentration of 1×10 5 
ICAM-1 Flow Cytometry
Cells were stained in staining buffer (PBS, pH 7.2, 0.5% bovine serum albumin, 2 mmol/L EDTA) with 1:10 diluted anti-CD54-APC (Miltenyi Biotec, 130-103-840) for 20 minutes in the dark at 4°C. Cells were then analyzed using Cyan ADP Flow Cytometer (Beckman Coulter) using standard methods.
Network Analysis
The RNA-seq expression profiles in 44 tissues (n≥50; subcutaneous adipose, artery, etc) were retrieved from Genotype-Tissue Expression (GTEx) database. 25 To construct the tissue-specific co-expression networks, we used Multiscale Embedded Gene Co-expression Network Analysis (v1.3.6) 26 default parameters. Benjamini-Hochberg False Discovery Rate 27 threshold <0.05 was used to define the significant co-expression modules. For STARNET study (Stockholm-Tartu Atherosclerosis Reverse Networks Engineering Task), normalized gene expression data were analyzed using block-wise weighted gene correlation network analysis with 2 distinct β-values for within-and between-tissue correlations: 5.2 and 2.7. To infer Bayesian networks within each co-expression module, we used a Fast Greedy Equivalence Search algorithm 28 implemented in the rcausal R package developed by the Center for Causal Discovery. Key driver analysis on the inferred Bayesian networks was performed using the mergeomics R package.
Statistical Analysis
Statistical analyses were performed using R software version 3.4 29 and GraphPad Prism (GraphPad software). Flow cytometry data were analyzed using a custom script utilizing the flowCore and flowStats Bioconductor packages for R. 30, 31 The number of biological replicates is shown in all figures and each experiment was performed in technical triplicate or quadruplicate. Student t test were used to test for differences of the mean between specific siRNAs and the control. Groups were tested for normality using the Shapiro-Wilk test and for equal variance using the F test to ensure validity of the t test. Proliferation data were analyzed using a linear mixed model in R, incorporating sample group and time as fixed effects and sample replicates as random effects. Specific group mean differences were analyzed at 24, 48, and 72 hours and adjusted by false discovery rate to account for multiple comparisons. All bar charts represent mean±SD. Significance levels are as follows: n.s., P>0.05; *P≤0.05; **P≤0.01; ***P≤0.001.
Results

JCAD Knockdown Alters EC Function
To explore the functional role of JCAD in ECs, we first investigated the cellular consequences of siRNA knockdown of JCAD in HUVECs (Figure 1) . We achieved knockdown of 40% to 60% in JCAD mRNA levels using 2 independent siRNAs in comparison to nontargeting control (NTC) siRNA ( Figure 1A ). We measured proliferation of JCAD knockdown cells compared with control and found a reduction in cell number in JCAD knockdown cells of ≈15% after 48 hours (siRNA1, P<0.001; siRNA2, P<0.001; Figure 1B ). We found a similar decrease in proliferation in human aortic ECs after JCAD knockdown (P=0.048; Figure II in the online-only Data Supplement) suggesting a common role for JCAD throughout the vasculature. Next, we measured the proportion of cells which were apoptotic using flow cytometry with an antiannexin-V antibody. There was an increase in the proportion of apoptotic cells of ≈50% with both siRNA1 (P=0.005) and siRNA2 (P=0.006; Figure 1C) . To test the impact of JCAD knockdown on cell migration, we performed an in vitro wound healing assay and measured the rate at which the cells migrated to close the wound. The rate of migration was reduced in JCAD knockdown cells, with siRNA1-treated cells migrating ≈20% slower in both siRNA1 (P=0.0001) and siRNA2-treated cells (P=0.0001) compared with NTC siRNA-treated cells ( Figure 1D ). We tested the angiogenic capability of HUVECs after JCAD knockdown using a tube formation assay, which relies on the ability of ECs to self-organize into a network of simple tubes when plated onto Matrigel basement membrane matrix. We measured the total length of tubes formed and found a reduction in the tubule length with JCAD knockdown of >25% compared with NTC siRNA (P=0.001 for siRNA and P=0.0007 for siRNA2; Figure 1E and 1F). These phenotypes demonstrate a role for JCAD in regulating EC function-with reduced JCAD expression causing decreased proliferation, migration, and angiogenic capability but increased apoptosis. Increased YAP/TAZ activity, that is, less active Hippo signaling has recently been demonstrated to promote monocyte binding to the endothelium via regulation of adhesion molecule expression. 20, 21 To determine whether JCAD is involved in the regulation of monocyte adhesion, we used an in vitro assay to examine adhesion of monocytes to siRNAtreated ECs. The number of monocytes bound to the confluent layer of HUVECs was significantly reduced by ≈30% with JCAD knockdown (P=0.0001 for siRNA1 and P=0.0007 for siRNA2; Figure 1G ). To investigate the mechanism of altered monocyte adhesion, we measured the level of ICAM-1 (intercellular adhesion molecule-1) protein in cells induced with TNF-α using flow cytometry ( Figure 1H ). In cells treated with siRNA1, ICAM-1 protein level was reduced by ≈12% compared with control siRNA-treated cells (P=0.001), in siRNA2-treated cells, ICAM-1 expression was reduced by ≈13% (P=0.0075). We also used quantitative PCR to examine the expression of ICAM-1 as well as VCAM-1 (vascular cell adhesion molecule-1) and SELE (Selectin E), 2 other key adhesion genes expressed in HUVECs. ICAM-1 mRNA level was reduced by ≈18% in siRNA1-treated cells (P=0.022) and ≈25% in siRNA2-treated cells (P=0.042). VCAM-1 mRNA level was reduced by 25% in siRNA1-treated cells (P=0.022) and 24% in siRNA2-treated cells (P=0.0002). SELE mRNA level was reduced by 22% in siRNA1-treated cells (P=0.008), in siRNA2-treated cells, there was also a trend toward a reduction in expression, although this was not statistically significant (P=0.092; Figure 1I ). These data show that knockdown of JCAD expression in ECs results in decreased adhesion molecule expression and monocyte adhesion.
JCAD Promotes YAP Activity in ECs
JCAD was recently found to interact with LATS2, a core kinase of the Hippo signaling pathway, in a high-throughput immunoprecipitation-mass spectrometry screen. 12 The Hippo pathway has a key role in regulating various cell phenotypes, including proliferation, migration, and apoptosis. Therefore, we sought to determine whether the regulation of EC functions by JCAD occurs via regulation of the Hippo signaling pathway. Initially, we sought to confirm the physical interaction of JCAD and LATS2 by immunoprecipitation. We overexpressed both JCAD-GFP and Myc-LATS2 in HEK293A cells, immunoprecipitated Myc-LATS2 and probed for GFP by Western blot. GFP alone did not bind to the Myc-LATS2, but JCAD-GFP did (Figure 2A ). To determine whether JCAD perturbs Hippo signaling, we used Western blotting with a phospho-specific anti-YAP (p127) antibody, which detects inhibitory phosphorylation on a serine residue at amino acid position 127 of the Hippo pathway effector YAP. We found an increase in the level of YAP (p127) phosphorylation in JCAD knockdown cells compared with NTC control, but no change in total YAP levels ( Figure 2B ). When the Hippo pathway is active, phosphorylated YAP is excluded from the nucleus. We, therefore, examined the proportion of nuclear YAP in siRNA-treated cells by immunofluorescence with an anti-YAP antibody and found a reduction in the YAP nuclear/ cytoplasmic ratio in JCAD siRNA-treated cells (P=0.0001 for siRNA1 and P=0.0008 for siRNA2; Figure 2C and 2D). The increase in phosphorylated YAP and reduction in nuclear YAP in JCAD knockdown cells demonstrate increased activity of the core Hippo pathway and would be expected to result in altered expression of Hippo regulated genes. We, therefore, examined the expression of 3 genes known to be activated by YAP/TAZ-CTGF (connective tissue growth factor), 32 CCND1 (cyclin D1), 33 and BIRC5 (baculoviral inhibitor of apoptosis repeat-containing 5) 34 by qPCR after siRNA knockdown of JCAD. All 3 genes examined showed reduced expression in JCAD knockdown cells compared with control cells ( Figure 2E ).
JCAD Mediates Hippo Pathway Regulation via RhoA
To further understand the role of JCAD in Hippo signaling, we studied the impact of JCAD knockdown on the influence of other regulators of the pathway. In cells that are at low confluency and are therefore actively growing, the Hippo pathway is inactive, and YAP is nuclear and active. 15 RhoA is an important regulator of Hippo signaling and responds to stimuli including cell confluency, mechanotransduction, and signaling molecules such as thrombin. 15, 35, 36 In low confluency cells, treatment with the ROCK (Rho-associated coiled-coil forming protein serine/threonine kinase) inhibitor Y-27632, which suppresses the effects of RhoA and promotes Hippo signaling. 36 In highly confluent cells, the Hippo pathway is active, YAP is excluded from the nucleus and unable to promote expression of regulated genes. 15 In these cells, TRAP6, a synthetic PAR1 (protease-activated receptor 1) agonist, which stimulates thrombin signaling via RhoA, downregulates Hippo signaling and results in nuclear YAP and increased expression of regulated genes. 35 To explore the role of JCAD in regulating Hippo signaling, we grew HUVECs to be at low confluency (40% to 50%) and high confluency (95% to 100%) 48 hours after siRNA knockdown and treated the cells with Y-27632, TRAP6, or mock treatment. We then measured the nuclear/cytoplasmic ratio of YAP by staining with α-YAP. At low confluency, YAP localized to the nucleus and TRAP6 had no effect on YAP localization on NTC-transfected cells ( Figure 3A and 3B) . At high confluency, TRAP6 caused the nuclear/cytoplasmic ratio of YAP to increase by >60% (P=0.039) in NTC-transfected cells ( Figure 3A and 3C ). Y-27632 reduced the YAP nuclear/ cytoplasmic ratio by ≈40% (P=0.027; Figure 3A and 3B) in NTC cells at low confluency, but not in high confluency cells ( Figure 3A and 3C) . Knockdown of JCAD resulted in exclusion of YAP from the nucleus and a loss of response to both drugs. This places JCAD in the same part of the pathway as RhoA in the Hippo signaling pathway.
Effects of JCAD Knockdown on EC Function Require LATS2
Having demonstrated that JCAD regulates Hippo signaling and that it interacts with LATS2 kinase, we sought to demonstrate that the effects of JCAD knockdown require functional LATS2 using double siRNA knockdown. Initially, we examined phospho-YAP and YAP levels in siRNA-treated ECs and found that the increase in YAP phosphorylation caused by JCAD siRNA was abolished by knockdown of LATS2 expression ( Figure 4A ). We then used double siRNA treatments and investigated the same EC phenotypes tested previously. We examined proliferation of ECs and found that where proliferation was reduced with either JCAD siRNA alone, it increased with both LATS2 knockdown and double JCAD LATS2 knockdown (for siRNA1 versus siRNA1 and siLATS2 and for siRNA2 versus siRNA2 and siLATS2, P<0.001 at 48 and 72-hour time points). There was no significant difference between the double siRNAs and LATS2 alone (P=0.903 for siRNA1; P=0.241 for siRNA2 at 72 hours; Figure 4B ).
Migration rate was determined with an in vitro wound healing assay, migration rate was increased in both LATS2 and double JCAD LATS2 siRNA samples (P=0.001 for siRNA1; P=0.001 for siRNA2). There was no significant difference between the double siRNAs and LATS2 alone (P=0.700 for siRNA1; P=0.804 for siRNA2; Figure 4C ). Apoptosis was measured by annexin-V flow cytometry, and double siRNA-treated samples had reduced apoptosis compared with single JCAD siRNA alone (P=0.001 for siRNA1; P=0.001 for siRNA2). There was no significant difference between double siRNA and LATS2 alone (P=0.728 for siRNA1; P=0.702 for siRNA2; Figure 4D ). Monocyte adhesion was measured and was found to be increased in LATS2 and JCAD LATS2 double siRNA-treated samples compared with JCAD siRNA alone (P=0.002 for siRNA1; P=0.003 for siRNA2). There was no significant difference between double siRNA and LATS2 alone (P=0.299 for siRNA1; P=0.414 for siRNA2; Figure 4E ). Endothelial tube formation on Matrigel was determined and there was increased tube formation in double siRNA-treated samples compared with JCAD siRNA alone (P=0.004 for siRNA1; P=0.019 for siRNA2). Again, there was no significant difference between double siRNA and LATS2 siRNA alone (P=0.797 for siRNA1; P=0.337 for siRNA2; Figure 4F ). These data show that the effects of JCAD on EC phenotype require the action of LATS2.
CAD-Associated Variant in JCAD Is Associated With JCAD Expression in Vascular and Atherosclerotic Tissues in Humans
Next, we investigated the transcriptional expression of JCAD in 672 CAD patients across 7 tissues (blood, atheroscleroticlesion free mammary artery, atherosclerotic aortic root, subcutaneous fat, visceral abdominal fat, skeletal muscle, and liver) measured by RNA-seq in the STARNET study 37 and all tissues in the GTEx project data set. 38 In STARNET, the lead CADassociated SNP (single nucleotide polymorphism) rs2487928 is a highly significant expression quantitative trait locus for JCAD in the arterial wall both in atherosclerotic aortic root (P=8.26e-18) and in atherosclerosis-free internal mammary artery (P=1.26e-34), with the protective allele associated with reduced expression of JCAD. In GTEx, rs2487928 is also a significant expression quantitative trait locus for JCAD in aorta (P=1.8e-7). We tested the effects of rs2487928 on endothelial tube formation in a library of HUVECs and observed a trend toward decreased tubule length in cells homozygous for the protective allele compared with risk allele homozygotes, with an intermediate effect in heterozygotes, although this was not statistically significant ( Figure IV in the online-only Data Supplement). This is in keeping with the expected effects of reduced JCAD expression in the protective genotype. These findings suggest that the protective allele reduces CAD risk through decreased JCAD expression in the vessel wall.
Co-Expression Across Human Tissues Corroborates Effects of JCAD on Hippo Signaling and Endothelial Phenotypes
To characterize changes in the expression of other genes associated with expression of JCAD, we identified co-expression modules across all STARNET and GTEx tissues using weighted gene correlations analysis 37 and multiscale embedded gene co-expression network analysis 26 separately as previously described. JCAD was detected in several tissue-specific and cross-tissue modules. We inferred Bayesian networks over the transcripts within modules containing JCAD and ran weighted key driver analysis to detect particularly influential genes. We identified JCAD as a key driver of module 155, which is a Figure 5E ). 39, 40 In addition, JCAD was present in coronary artery module 14 in GTEx and the predominantly mammary artery-specific module 82 in STARNET (Tables I and III in the online-only Data Supplement). Both of these modules were significantly enriched for GO (gene ontology) categories related to the phenotypes detected in our EC experiments including angiogenesis, cell proliferation, apoptosis, and adhesion (Tables II and  IV in the online-only Data Supplement).
Discussion
The mechanisms by which genes at CAD-associated loci identified by genome-wide association studies contribute to disease risk are largely unknown. In this study, we investigated JCAD, a largely uncharacterized CAD-associated gene and show that it encodes a LATS2 interacting protein which acts as a new negative regulator of the Hippo signaling pathway in ECs. Notably, recent studies have provided convincing evidence that the activity of YAP/TAZ, the transcriptional effectors of the Hippo pathway, is a key mediator of atherosclerosis at sites of nonlinear shear stress and in response to proinflammatory cytokines. 20, 21 Our results complement these findings and link the Hippo signaling pathway to CAD in humans via the 10p11 disease association and human gene expression analysis and JCAD function. We have shown that knockdown of JCAD expression induces activation of the Hippo pathway, resulting in an increase in phosphorylated YAP and exclusion of YAP from the nucleus and a decrease in expression of Hippo pathway-regulated genes. This results in the perturbation of many important EC phenotypes consistent with known roles of Hippo signaling, 15, 20, 21 including increased apoptosis and decreased proliferation, migration, and endothelial tube formation. This is in keeping with the known role of the Hippo pathway in these processes 18, 19 and is consistent with a recent study by Hara et al, 11 which established a role for JCAD in angiogenesis. The Hippo pathway responds to many upstream signals, including mechanical stress, confluency, and G-protein signals via RhoA. 15, 35, 41, 42 Notably, YAP/TAZ are required for shear stress response and promote atherogenesis in response to disturbed flow, a process which is dependent on RhoA-mediated signals. 20 We found that JCAD is involved in the transmission of signals to the Hippo signaling pathway via RhoA. We have also shown that JCAD knockdown reduces YAP nuclear localization in low confluency cells, but not in highly confluent cells, suggesting that JCAD may also be involved in the confluency response of YAP/TAZ, which also acts via RhoA. 42 In addition, we have demonstrated that the phenotypic effects of JCAD knockdown in ECs require LATS2, suggesting that these phenotypes are caused by altered regulation of Hippo signaling. Our results are supported by recent work by Ye et al, 14 who presented evidence that JCAD inhibits LATS2 in liver tumorigenesis by binding to the kinase domain of LATS2. Together, these data identify JCAD as a new regulator of Hippo signaling in both human cardiovascular disease and tumorigenesis.
JCAD is conserved across vertebrates, but lacks known functional domains and has poor homology to other proteins, although there is a short (13 amino acid) region with homology to ROCK 1 and 2 and cingulin proteins. 10 Further studies are needed to determine whether JCAD inhibits LATS2 in response to other signals which regulate the Hippo pathway or whether it is specific to RhoA-mediated signals. Intriguingly, in a recent genome-wide association study, variants in the RhoA gene have been associated with CAD risk, providing further evidence that the RhoA-Hippo pathway is involved in the development of CAD.
Co-expression analysis of RNA-seq data from both normal and atherosclerotic human blood vessels support our in vitro findings that JCAD regulates EC behavior with modules containing JCAD being enriched for GO categories related to cell proliferation, apoptosis, adhesion, and angiogenesis. We also found JCAD to be a key driver of a cross-tissue module predominantly comprising genes from aorta and subcutaneous fat. Although JCAD was a weaker key driver relative to other genes in this co-expression module the identification of YAP/ TAZ signaling as an overrepresented pathway suggests the module captures relevant biology. It is not clear why JCAD and many of the other key drivers are from subcutaneous fat, however, this could be because of the extensive capillary network and high proportion of ECs in adipose tissue. 43 Investigation of other key drivers of this module could potentially identify further novel regulators of Hippo signaling and YAP/TAZ activity.
How CAD-associated variants in JCAD affect its function and contribute to disease will require further analysis. We identified an expression quantitative trait locus between the protective allele of the lead SNP, rs2487928, and decreased JCAD expression in both atherosclerotic and atherosclerosisfree arterial tissue, suggesting altered transcriptional regulation of JCAD as the causal mechanism. Based on our data, we propose a model of the relationship between JCAD and the core Hippo pathway and how the risk and nonrisk alleles alter Hippo signaling ( Figure 6 ). We would expect decreased JCAD expression caused by the rs2487928 protective allele to contribute to decreased endothelial dysfunction in response to proatherosclerotic signals and decreased monocyte recruitment, resulting in lower macrophage content in atherosclerotic plaques, which could reduce plaque growth and instability. Additionally, promotion of angiogenesis by JCAD could result in increased neovascularization in plaques, higher neovessel density and contribute to plaque growth and instability in this way. 44 In vivo models, such as a JCAD knockout or overexpressing mouse, will be required to fully determine the role of JCAD in disease pathogenesis. In addition, although we have demonstrated a role for JCAD in ECs, but we cannot rule out a role in other cell types and further work should be performed to investigate this role. In addition, endothelial-specific targeting of JCAD in mice would also improve our understanding of the role of JCAD and Hippo signaling in CAD and the contribution of Hippo signaling.
In conclusion, we have demonstrated that the CADassociated gene JCAD encodes a novel regulator of Hippo signaling in ECs and suggest that variants at the 10p11.23 CAD locus act through JCAD to regulate EC function via YAP/TAZ. Future study should assess the therapeutic potential of JCAD and other Hippo pathway components in treating CAD.
